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preceded the discovery usually attributed to de Bary (1885) and the name "exosporium" given by Fluigge (1886) . The membrane is now recognized as the primary physiological barrier between spore and environment, and as a specific spore component rather than a sporangial remnant. "Exosporium" also has been used to designate different structures on the spore surface, e.g., a capsulelike zone on spores of Bacillus megaterium (Tomesik and Baumann-Grace, 1959 ). Reviews of pertinent literature are available (Knaysi, 1948; Robinow, 1960; Tomesik, 1962) .
As a first step in the selective fractionation of spore components of B. cereus strain terminalis, we sought to slip off the exosporium with minimal damage to the spore proper, and without causing germination. Among the isolated fraginents we discovered delicate crystal-like elements, and so were prompted to scrutinize this remarkable membrane by various optical means. Chemical analysis was also undertaken (Matz and Gerhardt, 1964) .
MATERIALS AND MIETHODS
Cultures. Spores of a phage-reistant mutant of B. cereus strain terminalis were cultivated and prel)ared as described previously . A similar procedure was used to obtain spores of the Sterne strain of B. anthracis.
Isolation of exosporium. Spores were ruptured by extruding a suspension (50 mg or less of wet spores per ml) through a refrigerated pressure unit similar to that described by Ribi et al. (1959) (cf. Berger and Marr, 1960) .
Fragments of exosporium were separated from spores and debris by centrifugation (50 min at about 400 X g) through a linear gradient of glycerol (Ribi and Hoyer, 1960) . This concentrated the desired material in a trailing but wellseparated zone, which was removed and centrifuged for greater purity. Differential centrifugation in water at similarly low force was useful for isolating larger amounts of exosporium.
Electron microscbpy. Specimens intended for surface examination were deposited as droplets on beryllium-or carbon-filmed grids, dried, and shadowed in a vacuum with platinum-palladium alloy or osmium tetroxide (Murphy and Goodman, 1960) . Specimens for negative staining were suspended in 2% (final concentration) neutralized phosphotungstic acid containing 0.004% sucrose (Murray, 1963a) 
RESULTS
Exc,sporium usually is only faintly discernible in a light microscope, even with phase-contrast optics, but was accentuated by using a cell-wall stain (Webb, 1954) and contrast coloration of the background (Fig. 1) .
Electron micrographs revealed the structure clearly, especially after fixation with formaldehyde for direct examination, or after shadowing with a metal (Fig. 2) . The surface texture seemed smooth, although a narrow fringe appeared beyond the main boundary of the folded exosporium. Shadowing with osmium oxide instead of the usual metals has been recommended for high resolution of surface topography (Murphy and Goodman, 1960) ; applied here, the method did not show any features of the inner and outer surfaces, but did reveal escalloped edges where the exosporium had flattened. Negative staining with phosphotungstic acid showed the protrusions more clearly (Fig. 3) . Carbon replicas of spores showed main wrinkles where the exosporium had flattened, but provided no further clues.
Sectioning at first disclosed little about the fine structure of exosporium, but did reveal new details among recognized components of the intact spore (Fig. 4) . In the space between exosporium and spore proper, one or more discontinuous lines (Fig. 4 and 5), which occasionally were laminated (Fig. 6 ), were frequently observed. Apparently they were flakelike parasporal inclusion bodies, analogous to the granular inclusions observed by Warth, Ohye, and Murrell (1963) in the same strain, and to the globular body observed by Hannay (1961) The parasporal flakes could represent the same material as exosporium. Another new feature, found rarely, was a comblike extension from the typically layered outer coat (Fig. 5) ; its nature is unknown.
Structural details of the sectioned exosporium became apparent, by accident, when the period of staining with lead hydroxide was prolonged to 30 min. A hairlike or spinelike nap was revealed on the outer surface of the structure (Fig. 7) , especially on minimally washed spores. In selected fields (Fig. 8) (Fig. 9) .
The nap of hairlike projections on exosporium was more apparent on spores of B. anthracis (Shafa, Moberly, and Gerhardt, unpublished) . A portion of anthrax spore, excessively lead-stained, is shown in Fig. 10 . Here the exosporium basal membrane measured 90 to 110 A (average 100 A) thick, and the nap, 560 to 690 A (average 620 A); the intermediate covering was not resolved. A section through the nap (Fig. 11) showed the hairlike projections both transversely and longitudinally. They appeared irregular in shape but of fairly even length.
Fractionation of terminalis spores provided homogeneous exosporium fragments. High-pressure extrusion of a spore suspension removed the exosl)orium and left the spore proper reasonably intact and ungerminated; exosporium fragments were then isolated by centrifugation through a linear gradient of glycerol. In the dense center of the gradient zone were found large characteristic fragments of exosporium (Fig. 12 ), slightly contaminated with bits of granular membrane believed to be coat material. Also among these characteristic fragments were some remarkable thin smooth sheets that occasionally had hexagonal outlines. A search for their identity ensued.
The trailing edge of the gradient zone, at first discarded, l)roved to be rich in hexagonal crystallike elements (Fig. 13) Selected fields of the paracrystals, viewed at higher magnification (Fig. 14) , contained some almost perfect hexagonal pieces, with angles of 1200. Others had highly irregular edges. The thinnest pieces were only faintly distinguishable from the background. The single element shown in Fig. 15 was folded like a membrane; there were small tears; the edges were not all perfectly straight; and the surface seemed unpatterned even at high magnification. Often, there were vertical stacks of four or five pieces in integral arrangement with parallel or common edges. When elements were stacked together, the electron density increased but remained less than that of the characteristic exosporium fragments; the surface appearances also differed. (Fig. 9) .
The crystal-like nature of the elements was examined by X-ray diffraction analysis. DebyeScherrer l)owder lpatterns (Fig. 16) showed distinct reflection lines. A similar lpattern was seen with three different preparations, the lines appearing sharper with a l)rel)aration rich in crystal-like elements. WVhen a l)owder of intact spores was examined, moreover, several reflection lines were apparent, despite an intensive background scattering due to noncrystalline constituents of the spore. All of the lines corresl)onded to ones in the p)attern from isolated exosporium, indicating that the pattern was not an artifact resulting from the isolation procedure. Furthermcre, it seems as if exosporium is the prevailing, and p)erhals the only, crystalline structure in the splores.
Ratios of the interplanar spacings (dhkl/dloo) were calculated for each reflection in the l)owder pattern and were found to correspond to the theoretical ratios (Klug and Alexander, 1954) for a hexagonal, (lose-packed crystal structure (Table 1) .
Dimensions of the smallest unit cell that would satisfy all of the observed reflections Nere determined by use of the quadratic form of the Bragg equation (Table 1 The l)redicted pattern was eventually found in exosporium fragments negatively stained with phosphotungstate ( Fig. 18) , especially in portions where the superficial convolutions were indistinct. Great magnification (Fig. 19) Fig. 14, and showing the two horizontal (a) and the vertical was interpreted as a two-layered structure, with (c) axes. In such a platelike crystal, the prismal a lead-stainable, hirsute covering over a lami-(hko) plane contains a large number of net reflecting nated basal membrane. Warth et al. (1963) planes, whereas the basal (001) and Baumann-Grace, 1959). As observations on spores developed, somewhat similar ones were reported for the outer envelope of Lampropedia hyalina (Chapman and Salton, 1962; MIurray, and Salton, 1963; Murray, 1963b 22 . Diagrammatic interpretation of the surface ultrastructure of exosporiuin basal membrane, deduced from the X-ray diffraction patterns and from electron micrographs of phosphotungstate-stained fragments. The hexagonally perforate pattern of dark centers, assumed to be hexagonal holes in a fabric, mzeasured 68 to 86 A from center to center in electron micrographs. Each of the hexagonal units, which are assumed to comlprise the fab7ic, is made up of 48 parallelepipedal unit cells, which measured 7.5 to 7.8 A along the a axis and 11.8 to 12.0 A along the c axis by X-ray diffraction analysis. One such unit cell is enlarged separately (lower right) in a three-dimensional diagram, which shows the three axes and the geometric packing of three unit cells into a hexagonal space lattice.
to 48 A seems to correlate with the estimated 40 to 50 A thickness of the crystal-like elements. It remains to be seen whether the above correlations can be confirmed by low-angle X-ray scattering. Previous applications of diffraction analysis with bacteria (Hurst, 1952; Grossbard and Preston, 1957, 1958) resulted in relatively few and diffuse diffraction rings and were not associated with crystal-like structure observable by electron microscopy.
The ordered structure found by means of the electron microscope in the basal layer of exosporium has frequently observed counterparts, especially among cell walls of gram-negative bacteria (Salton, 1964) . Apparently, the inner perforate layer in the Lampropedia envelope, for example, is a honeycomb network of hexagonally distributed holes with a repeat spacing of 145 A; this structure, coarser than in terminalis exosporium, also fragments hexagonally. Robinow (1960) provided early evidence of finely textured structure in exosporium, surprisingly seen in a direct electron micrograph at comparatively low magnification.
Permeability measurements on intact, exosporium-covered spores indicated that the effective surface is heteroporous, with randomly sized openings allowing penetration of molecules 1787 VOL. 88, 196G4 on October 16, 2017 by guest http://jb.asm.org/ GERHARDT AND RIBI up to 180 A in effective diffusion diameter (Gerhardt and Gerhardt and Black (1961) 
